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ABSTRACT 


A  computational  procedure  is  developed,  based  on 
lifting  line  theory,  which  successfully  predicts  the 
spanwise  lift  distribution  at  moderate  blowing  momentum 
coefficient  on  a  high  aspect  ratio  (AR  =  18)  circulation 
control  wing-body  model  with  several  variations  in  the 
spanwise  extent  of  blowing.  Experimental  data  are 
presented  on  the  spanwise  lift  distribution  which  validates 
this  procedure. 

ADMINISTRATIVE  INFORMATION 

The  work  reported  herein  was  authorized  by  the  Office  of  the  Technical  Director 
of  the  David  W.  Taylor  Naval  Ship  Research  and  Development  Center  (DTNSRDC) .  Funding 
was  provided  under  Task  Area  ZR0230201,  Program  Element  61152N,  and  Work  Unit 
1660-650. 

INTRODUCTION 

The  lifting  line  theory  has  proven  to  be  quite  effective  in  modeling  the  spanwise 
lift  distribution  of  moderate-to-high  aspect  ratio  wings.  The  linear  nature  of  the 
theory  makes  it  possible  to  additively  incorporate  such  features  as  a  continuously 
varying  wing  twist,  a  partial  span  trailing  edge  flap,  or  a  jet  flap.  The  current 
effort  is  an  attempt  to  expand  on  the  jet  flap  model  by  modifying  it  to  incorporate 
the  additional  feature  of  lift  augmentation  produced  by  a  trailing  edge  Coanda  jet. 

As  with  the  jet  flap,  the  increased  circulation,  or  effective  incidence,  produced  by 
the  Coanda  jet  can  be  additively  included  in  a  lifting  line  model.  The  model  will 
also  include  the  effects  of  the  bouy  on  the  lift  distribution  of  a  circulation 
control  wing-body  configuration. 

1* 

The  Prandtl  lifting  line  theory,  as  formulated  in  Thwaites,  will  provide  the 

2 

basis  for  this  model.  The  three-dimensional  jet  flap  model  of  Maskell  and  Spence 
will  be  incorporated  and  modified  to  account  for  a  full  or  partial  span  trailing  edge 
Coanda  jet.  The  effect  of  the  fuselage  on  the  flow  field  will  be  accounted  for  in  a 

3 

manner  similar  to  that  of  Flax  where  the  potential  in  the  Treftz  plane  provides  for 
the  wing-body  interference.  The  two-dimensional  analysis,  provided  at  a  series  of 
spanwise  stations,  will  account  for  the  effects  of  blowing  rate,  trailing  edge 
radius,  thickness  effects,  camber,  and  wing  taper. 

*A  complete  listing  of  references  is  given  on  page  43. 
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•  .i:k:  .-is:  :  v  mod  if  ted,  X-wing  model  provided  the  experimental  data  to 

■ 1  *;:w  :  -  •  ■  lii:  distribution  on  a  high  aspect  ratio  circulation  control 
'  '•  report  presents  selected  experimental  results  and  a 
:  .  ip;  a;  .•  numerical  model. 

X  1  No-  l>Oi)Y  Ni'MbR  I  CA1.  MODKL 

'  •  ■  id  ■■■  a  wing  with  trailing  edge  blowing  can  be  represented, 

) 

pence,  “  as  experiencing  a  total  lift  that  consists  of 
■ ' . »  .  !  •  r  .  1 .  a  c.>  iponent  of  thrust  from  the  trailing  edge  blowing. 

2  "> 

!.  -  l  a.  =  -m  pV  n.  b" 

i  i  i 

O' 

4 

.a,.  .!  i  on  tills  concept  provides  for  compatibility  with  Spence's 

■  i.t.  ■  1  'in  i wo- dimensional  jet  flap, 
he  above  reduces  to  the  familiar 

L  =  n  V  T  b 


.  i '  i .  :  ’  *  1 1 1 


arm  the  local  aerodynamic  Lift  is  then: 


( 

I. 


i 
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(  i  +  i  +  '<■  -■<■.) 

c  c  cc  i 


(1) 


••i.t  !es  .  ntributing  to  the  local  incidence  represent  the 

i  ,  ,u:i:h  r ,  <  i  r  d,n  ion,  or  blowing  induced  incidence  and  downwash.  In 
ii.  witii  I  ..  ./■inil  angle  assumptions  of  the  lifting  line  theory,  it  is  assumed 

’  !..  •  o  !  .■ . .  t  1 1  ,  ci  nber,  and  circulation  induced  inc  idences  remains 

.  it  }.-  o!  I: ;  i  i,g  ordinarily  used  on  a  circulation  control  wing  is  low 
•  .•  ‘  :  '  i  ii  •  !  a  jet  f  lap.  This  condition  makes  the  small  angle 

i  >;  tiahde  an.;  does  not  create  a  conflict  with  the  follow-on  and  usual 

i  ,  ; ■  ,  i  •  ...  w.i  .  e-i.  a'  !  ne  wing  to  that  far  downstream. 


(2) 


The  usual  procedures  for  determining  the  downwash  at  the  wing  are  then 
applicable.  Equation  (1)  can  be  written  as: 


T  =  1/2  a  C  IV  (a  +  a  +  a  )  -  w.(v)‘ 
o  a>  g  c  IX  1 


The  effect  of  the  fuselage  on  spanwise  lift  distribution  will  be  treated 
3 

according  to  Flax.  Flax  transforms  the  two-dimensional  vorticity  distribution  of 
the  wing-body  into  the  wake  contour  in  the  Treftz  plane.  The  result  shows  itself  as 
a  modification  to  Prandtl's  downwash  equation  in  the  form: 


w.(y) 


D 

=  i  +  f(y)  f 

471  J 


dT  dy 
dy  (y'-y) 


where  f (y)  accounts  for  the  fuselage  interference  and,  in  the  case  of  a  circular 

-2 

fuselage,  takes  the  form  f(y)  =  (2y/d) 

Introducing  a  change  of  variables  through  the  relation: 


y  =  (  2  )  C°S  9 


a  Treftz  plane  solution,  as  developed  in  Karamcheti  for  example,  provides: 


r(0)  =  2b  v 


Z 


A  sin  9 
n 


which,  when  substituted  into  Equation  (4),  gives: 


w  .  (0 )  =  V  [ 1+f 

l 


,  ,  ,  V  .  sm  n  J 
(v)  /  n  A  — : p.— 

n  sin  0 


Substituting  Equations  (5)  and  (6)  into  (3)  provides  the  fundamental  equation: 
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2  0 
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□  THEORY 
CL  -  1.9 


i  '..ii  i' 


ili  distribution,  (.oni  i  j>u  rn  t  i  on  a,  !).b7S  Span  blow  ini; 


o  D  Q 


□  THEORY 


CL  =  2.21 


Q3q 


|OG 


y/(b/2) 


C  =  0.049,  a  =  3.27  deg 


Figure  7  -  Spanwise  Lift  Distribution,  Configuration  1,  Full  Span  Blowing 
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Q  THEORY 
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C,  -  0.047,  u  =  3.26  deg 


sl>iinwi  sr  Lilt  Di  st  r  i  lint  ion.  Coni  i  guru  t  ion 


ii.SI'i')  of  Span  Blowing 
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I'he  lilt  carried  across  the  fuselage  is  found  to  decrease  as  the  blowing 
portion  of  the  span  is  moved  outboard.  The  unblown  segment  of  the  wing,  between  the 
blowing  portion  .nul  the  fuselage,  attains  some  benefit  from  the  vortex  pattern 
established  by  the  blowing  segment.  The  upwash  generated  in  this  region  serves  to 
increase  the  lift  carried  by  this  portion  of  the  wing. 


10 


Che  trailing  edge  jet,  this  separation  over  the  unblown  section  may  be  more  extensive 
Figure  25  shows  the  pressure  coefficient  as  measured  near  the  leading  edge  and  mid¬ 
chord  at  the  2d  percent  span  station  of  configuration  3.  The  pressure  is  shown  to 

make  a  consistent  change  with  increasing  C  up  to  C  =  0.18.  The  next  increase  in  C 

U  U  h 

does  not  show  an  appropriate  change  in  pressure.  Since  this  discrepancy  occurs  in 

the  range  of  0  where  it  has  already  been  stated  that  the  circulation  may  not  be 

enhanced  with  further  blowing,  the  reason  for  the  discrepancy  is  not  clear.  The  fact 

that  the  pressure  shows  the  flow  to  be  still  accelerating  over  the  leading  edge  and 

decelerating  toward  midchord  suggests  that  there  is  not  extensive  separation  but 

rather  the  entire  flow  is  not  being  augmented  by  the  final  increment  in  .  This 

conclusion  is  borne  out  by  the  force  data  of  Figure  21  which  show  the  lift  for 

C  =  0.237  to  be  less  than  that  for  C  =  0.18.  Below  C  =  0.15  the  mathematical 

u  y  y 

model  and  the  data  show  good  agreement  and  the  fact  that,  while  the  fuselage  carries 
less  lift  as  the  blowing  moves  outboard,  the  lift  of  the  unblown  portion  of  the  wing 
is  being  enhanced  by  its  proximity  to  the  blown  span. 

Figures  26  through  29  show  the  process  to  repeat  itself  for  configuration  4. 

The  blowing  portion  of  the  wing  is  now  restricted  to  the  outer  67  percent  of  the 
span.  The  lift  carryover  across  the  fuselage  is  less  than  the  previous  configu¬ 
rations.  L’he  unblown  segment  of  the  wing  again  retains  some  benefit  through  the 
upwash  generated  by  the  blowing  segment.  The  discrepancy  shown  in  the  lift 
distribution  at  the  highest  blowing  rate,  C  =  0,2,  is  again  shown  to  coincide  with 
the  loss  of  augmentation  apparent  in  the  force  data  of  Figure  26  for  this  C  . 


CONCLUSIONS 

A  numerical  model  incorporating  lifting  line  theory  and  a  trailing  edge  vortex 
(to  represent  the  lift  augmentation  produced  by  a  trailing  edge  Coanda  jet)  is 
found  to  produ'-e  good  correlation  witli  experiment  through  moderate  levels  of  trailing 
edge  hi  owing,.  Spanwise  L  i  t  t.  distribution  and  lift  coefficients  show  good  agreement 
! or  blowing  <  net  tici cut  through  approximately  C  =  0.15.  The  good  correlation  is 
ma  i  n  I  a  i  -<i  as  the  percent  oi  span  with  blowing  is  decreased. 

discrepancies  between  theory  and  experiment  at  the  higher  levels  of  C  are  first 
at  ft  ihmahle  to  leading,  edge  t  low  separation  on  the  wing  itself  and  eventually  to  a 
loss  ot  tui'tln  r  augmentation  through  blowing. 


0.21  and  0.27,  the  leadin';  edge  pressure  increment  shows  inconsistent  change  with 
angle  ot  attack,  in  particular  at  the  40  and  70  percent  span  stations,  as  would  be 
e:\pc  t.oi  in  a  r ■  .  i  .n  c.t  separated  flow.  ft  appears  that  a  leading  edge  separation 
bubble  has  termed  at  the  higher  blowing  coefficients.  In  addition,  the  lack  of  an 
increase  in  the  pressure  difference  between  C  =  0.21  and  C  =  0.27  is  indicative 

d  y 

that  the  overall  circulation  is  not  being  increased,  which  is  in  agreement  with  the 
forte  data  ts  noted  in  connection  with  Figure  11. 

Figures  !  >  and  lb  with  C  =0.1  and  0.15,  respectively,  show  agreement  at  what 
rpperrs  t  >  be  the  upper  limit  of  applicability  for  the  potential  flow  model.  The 
i.iit  being  the  result  ot  leading  edge  flow  separation  and  a  loss  of  further  aug¬ 
mentation,  through  trailing,  edge  blowing,  in  the  real  flow.  The  lift  lost  across  the 
luselage  is  also  more  accurately  represented  at  the  lowest  blowing  coefficients. 

Figures  17  through  20  show  lift  coefficient  data  and  typical  pressure 
distributions  for  configuration  2.  The  wind  tunnel  model,  and  likewise  the 
numerical  model,  have  been  modified  to  provide  trailing  edge  blowing  on  the  outer  82 
percent  of  the  span.  The  force  data  of  Figure  17  show  reasonable  agreement  with  the 
lift  and  lift  curve  slept'  of  the  mathematical  model  up  to  a  of  0.14.  The  lift 
distribution  of  the  low  to  moderate  blowing  rates,  Figures  8,  18,  and  19,  also  show 

good  agreement.  Figure  20,  with  C  =  0.2,  shows  considerable  discrepancy  between 

theory  and  experiment,  again  particularly  at  midspan  of  the  blowing  segment.  For 
reasons  as  stated,  the  potential  flow  model  for  configuration  1  appears  to  have  an 
up pc r  1 i m i :  ecu r  0  =  0 .15. 

I- i'/uri  .  !  t  brooch  25  provide  the  lift  and  lift  distribution  for  configuration 

!  tic  Mowin'-  portion  n‘  the  wing  is  now  reduced  to  the  outer  77  percent  of  the 


and  1  i  ’  t 


istribution  are  in  good  agreement  again  up  to  a  C  near 


app r  »  •-  i  1 1 . 


i  nc  :  l  '!i  e 


tin  .  om  r  t 


t  the  wing  between  the  fuselage  and  the  blowing  segment  is  now 
■  '■'ceii!  of  the  span.  While  the  agreement  between  theory  and  data 
hi  i  as  w-  11,  it  does  rate  some  special  consideration.  The 

;■■■  r  c  Mown  portion  of  the  span  creates  a  local  increase  in 
'.ublnwn  ir>a,  at  least  for  moderate  levels  of  blowing.  However, 


W  i  I . u 


s  not  have  the  favorable  boundary  layer  control  effect 


,i  ’.ment..  While  a  leading  edge  separation  may  occur  oil  the 
,  hut  reattach  due  to  the  boundary  layer  control  effect  of 


disagreement  shows  at  the  higher  C  levels.  This  could  be  a  result  of  the  math. 

t-i 

model  exceeding  the  range  of  its  inherent  small  angle  assumptions  or,  as  the  data 
indicate,  the  model  may  be  experiencing  some  flow  separation.  Flow  separation  with 
its  resultant  loss  of  lift  may  show  itself  here  in  two  forms:  first  through  the  loss 
of  lift  with  increasing  x  lor  a  given  0  ,  and  second  with  that  lost  (or  not  gained) 
wicli  a  given  i  and  inert-  tsing  C  .  in  the  t  irst  case,  this  would  be  attributable  to 
local  flow  separation  on  the  airfoil  suit  ace  itsell  .  in  the  second  instance,  flow 
separation  may  not  occur  on  the  airfoil  itself,  but  rather  the  Coanda  jet  detaches 
closer  to  the  slot  and  thereby  shows  a  reduction  in  the  induced  circulation.  This 
ettoct  may  he  associated  with  the  jet  velocity  reaching  sonic  conditions  and  the 
resulting  expansion-contraction  waves  adding  to  the  adverse  pressure  gradient  seen 
by  the  jet,  and  causing  earlier  jet  detachment  from  the  Coanda  surface. 

The  soLid  data  of  Figure  11  provide  a  good  example  of  the  two  types  of 
separation.  The  data  for  C  =  0.15  show  the  first  signs  of  flow  separation  when 
going  from  i  =  0  deg  to  t  =  3  deg.  This  would  be  consistent  with  local  flow 

separation  on  the  airfoil  surface  itself.  The  data  for  C  =  0.27  show  its  lift 

u 

coefficient  to  be  less  than  that  for  the  next  lowest  value  of  C  for  the  entire  angle 

U 

of-attack  range.  This  would  suggest  that  the  induced  circulation  is  no  longer  being 
enhanced  and  that  the  noted  sonic  jet  velocity  implies  that  the  second  type  of 
separation  has  occurred.  At  C  =  0.27  and  a  =>  3  deg  it  appears  that  both  types  have 
occurred . 

The  Lift  distribution  for  a  moderate  Level  of  C  is  provided  in  Figure  12.  Good 
cor robora t i on  is  seen  in  both  distribution  and  lift  coefficient.  Figure  13  shows  a 
comparison  at  C  =  0.21.  flic  level  of  trailing  edge  blowing  here  is  above  that  where 
some  flow  separation  is  indicated  in  the  data  of  Figure  11.  The  disagreement  in  the 
lift  distribution  is  seen  to  be  greatest  at  the  40  and  70  percent  span  stations,  that 
is,  where  t  lie  local  effective  incidence  would  be  at  its  largest.  Further  evidence  of 
surface  separation  is  provided  hv  the  ehordwi.se  experimental  pressure  distribution, 
as  ’lesson'd  near  the  leading  edge  and  midchord,  shown  in  Figure  14.  The  data  are  for 
the  G  values  of  0. u5 ,  0.21,  and  0.27  and  are  shown  for  the  spanwise  stations  of  20, 
40,  70,  and  90  percent  span.  Fach  plot  covers  a  range  in  'x  of  approximately  -3.0  to 
+  i.O  deg.  1  he  incremental  rise  in  the  leading  edge  pressure  coefficient  with  a  at 
the  moderate  G  =  0.0498  is  seen  to  be  consistent  at  the  lour  spanwise  stations 
shown  in  Figures  14a  through  1 4d .  At  the  higher  blowing  momentum  coefficients  of 


blowing;  configuration  1,  with  full  trailing  edge  blowing  from  wing  root  to  tip 
through  configuration  4  with  blowing  on  the  outer  67  percent  of  the  span.  The 
spanwUu  o.-.Uru  oi  nu:  trailing  edge  blowing  is  indicated  on  the  f igures .  The 
correjation  between  theory  and  experiments,  at  these  moderate  blowing  momentum 
coefficients,  is  good  in  alL  four  cases  for  both  lift  distribution  and  total  lift 
c.oef  f  ic  i  er.t . 

An  interesting  tea  tun?  of  the  mathematical  model  is  shown  in  the  lift  distri¬ 
bution  of  configurations  1  through  4.  As  indicated  in  the  vortex  pattern  of  Figure  1, 
an  upwash,  emanating  t torn  the  blown  portion  of  the  span,  between  the  inboard  terminus 
of  the  blown  span  and  the  fuselage,  can  he  expected.  A  measure  of  this  upwash  is 
provided  bv  extending  the  application  of  Equation  (A.l)  into  the  unblown  region  of 
the  wing.  While  is  zero  in  this  region,  a..  is  not  and  is  provided  by  Equation 

(A. 9).  The  flow  in  this  region  is  further  complicated  by  the  presence  of  the 
fuselage.  The  lilt  carried  by  the  fuselage  is  seen  to  decrease  as  the  blowing 
segment  moves  outboard,  away  from  the  fuselage.  This  is  attributed  to  a  reduction  in 
the  upwash  at  the  fuselage  as  the  blowing  moves  outboard  and  is  accurately  simulated 
by  the  mathematical  model.  The  upwash  in  this  region  of  the  wing  should  also 
contribute  to  an  increase  in  the  local  effective  incidence.  This  likewise  shows 
itself  in  the  data  and  model  on  configurations  3  and  4  (Figures  9  and  10)  between  the 
fuselage  and  the  blowing  segment. 

fhe  form  of  the  lifting  line  solution  provides  for  a  less  dense  distribution  of 
calculated  points,  for  a  given  N,  on  the  inboard  portion  of  the  wing.  While  a 
greater  computer  capacity  than  was  used  in  the  development  of  this  model  would 
provide  more  c lari  tv  in  this  region,  the  correlation  shown  in  Figures  7  through  10  is 

good . 

Figure  11  shows  the  lift  coefficient  for  configuration  1  as  a  function  of  a  and 
.  The  difiorepaticv  shown  between  theory  and  experiment  for  the  no-blowing  case  can 
be  attributed  to  the  wing  camber  and  trailing  edge  bluntness.  The  inviscid  theo- 
ret  i<  a  1  will  respond  to  the  wing  camber  and  show  some  lift  at  zero  alpha.  The 

wind  ?  un:.e !  mode i ,  without  trailing  edge  blowing,  will  develop  some  flow  separation 
at  t  tie  blunt  trailing  edge  and  thereby  will  not  fully  respond  to  the  wing  camber. 

I  lie  diffi  rence  in  lilt  at  zero  alpha  is  maintained  through  the  angle-of-attack  range 
w i t  •  i  tin  result  that  tin  lilt  curve  slope  is  in  good  agreement.  The  figure  shows 
good  agreement,  between  tin  nrv  and  practice  at  moderate  C  levels.  Gradual 
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with  pressure  taps.  The  test  program  provided  pressure  data  through  the  range 
-3  deg  £  a  <_  +  3.0  deg.  Force  data  were  obtained  from  a  =  -3  deg  through  stall,  and 
for  the  blowing  momentum  coefficient  range,  0.0  <  C  <  0.3.  Test  conditions  provided 
for  a  free-stream  dynamic  pressure  of  30  lb/ft"  and  a  unit  Reynolds  number  of 
1.0  x  io6. 

The  details  of  the  test  procedure  and  resulting  force  and  pressure  data  are 
described  by  Jacobsen.*  Only  that  pertinent  to  correlating  with  the  present 
mathematical  model  and  determining  the  lift  carryover  on  the  fuselage  will  be  used 
here. 


RESULTS  AND  DISCUSSION 

The  fuselage  effect  on  the  spanwise  lift  distribution  of  a  tapered,  high-aspect 
ratio  wing,  with  no  trailing  edge  blowing,  is  shown  in  Figure  5.  The  experimental 
lift  distribution  in  this  and  succeeding  figures  is,  in  fact,  the  difference  in 
upper  and  lower  surface  pressure  coefficient  at  the  50  percent  chord  position, 

AC  =  (c  -C  \ 

P0.5c  \  Pi  Pu  )  0.5 c 

as  this  provides  for  a  convenient  comparison  with  the  numerical  results  provided  by 
Equation  (A. 16).  The  numerical  results  show  the  same  total  lift  for  the  isolated 
wing  as  for  the  wing-body  combination.  The  presence  of  the  body  is  seen  to  alter 
the  distribution  such  that  the  lift  lost  over  the  fuselage  itself  is  regained  on  the 
inboard  section  of  the  wing  as  a  result  of  a  local  angle  of  attack  increase  produced 
by  the  body.  This  is  in  keeping  with  known  results  (Reference  1).  The  effect  of 
including  the  trailing  edge  blowing  is  shown  in  Figure  6.  In  a  similar  manner  to  the 
no  blowing  case,  the  lift  lost  over  the  fuselage  is  regained  near  the  wing  root  such 
that  the  total  lift  is  unchanged.  The  large  drop  in  the  local  lift,  with  or  without 
the  fuselage;  present,  is  attributed  to  the  vortex  system  being  induced  by  the  limited 
spanwise  trailing  edge  blowing. 

Figures  7  through  10  nrovide  a  comparison  of  the  theoretical  model  with  experi¬ 
ment  for  moderate  blowing  and  for  each  of  the  four  configurations  comprising  the 
test  sequence.  Configurations  1  through  4  provide  a  decreasing  percent  of  span 

*As  indicated  by  Jacobsen  in  a  DTNSRDC  informal  report,  "Wind  Tunnel 
Investigation  of  a  High  Aspect  Ratio  Circulation  Control  Wing,"  of  Jul  1983. 
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s  i  n  nfl 


.  nu  [  1+f  (y )  ]  +  sin  0 }  =  u  (ot  +  ex  +a  )  sin  0 

g  c  cc 


Wilt-  L  < 


a  c 
o 


with  *  -  c"  I  I  -  (  1  - •  )  cos  ' )  |  p  r ov iding  for  wing  taper . 

'ii  ( 7)  provides  a  series  of  simuJ  taneous  equations,  the  solution  of  which 
■  ■:  ads  to  t  ue  .!■  sired  spanwise  lift  distribution.  With  the  exception  of  the  circu¬ 
lation  or  blowing  induced  incidence,  a  ,  the  remaining  input  variables  for  Equation 
i.  / )  art.1  provided  by  the  1  use  luge  and  wing  geometry.  The  procedure  for  determining 
the  biowin;.;  induced  incidence  and  development  of  the  complete  wing-body  model  is 
provided  in  the  appendix. 


EXPERIMENTAL  PROGRAM 

1  he  ii  i’li  aspe.-t  ratio  circulation  control  wing  data  were  provided  by  an  experi- 
:tcl  program  carried  out  in  the  DTNSRDC  8-  by  10- ft  subsonic  wind  tunnel.  The 
model ,  shown  both  schematically  in  figure  3  and  installed  in  the  tunnel  in  Figure  4, 

I'  ’s  i  7  I  .i .  w  i  ns;  span  with  an  aspect  ratio  of  18  and  taper  ratio  of  0.5.  The 

■  :  .  !j’i  .-.ii.tpt  u  on  luti  nas  a  in  i  c  kness  ratio  of  0.20  at  the  root  and  0.15  at  the  tip 

sc  ra’io  (,i  tic  I  railing  edge  radius  to  the  chord  varied  from  5.3  percent  at  the 
loot  sect  L  ci  to  3.2  percent  at  the  tip.  The  wing,  shown  in  planform  in  Figure  3, 
icis  a  rr.il  in.  els  S j  el  I  'rming  the  Coanda  jet,  running  the  entire  span.  In  order 
to  better  determine  the  lift  carryover,  or  pressure  effects  spanwise  across  the 
:  a:-,,  la.j.e,  t  i.e  h  f  I  low  was  restricted  from  the  root  section  outboard  to  form  four 
<.  'inf  i  guru  Lions.  I  he  exposed  sloL-to-span  ratio  was  0.877,  0.8249,  0.7744,  and  0.675 
>■.  •  id  i  i,:;,  i  eti  ce  1  y  to  configuration.}  1  through  4).  (Actually,  the  full  span 

op  •  ■  ’ii  :e!.!  '.  itt  line!  the  value  0.877  when  considering  the  full  span  as  extending 

r  i  ■  t 's  ' use  I  a  *e  enici  line.)  The  wing  has  5  percent  camber  at  the  root  and  tapers 
in  no  ■  ii.iti. ■  f  .it  the  t  ip.  Detailed  wing  characteristics  are  provided  in  Table  1.  The 
i  1  c  . 1  ..<•  .  ,  i  .  v.  i .  it  the  wing  station)  and  wing  were  extensively  instrumented 
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Figure  14  -  Experimental  ChorJwise  Pressure  Distribution 
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Figure  25  -  Chordwise  Pressure  Distribution  at  Unblown  Spa 
Station,  Configuration  3  at  0.2  Semispan 
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ior  anv  large  aspect  ratio  wing,  the  lift  distribution  can  be  related  to  that 
fiat  plate  in  the  form:^ 


£U,y) 


Aj)  _  2 

a„  * 


c,  (y) 


x  ( V  ) 


1/2 


tin  mulchord  position  this  reduces  to: 


'i  (v ) 


0.  5c 


f  iv) 


iA  .  1 


provides  tor  convenient  comparison  with  the  experimental  data, 
i  in.  overall  lift  coefficient  is  provided  by: 

b 
2 

j  c J  ( y )  c(y)  dy 

'  h 
2 

nnputer  program  utilizing  this  mathematical  model  was  written  and  applied 
tte  wit'li  the  data  from  the  experimental  model. 


42 


This  can  be  treated  in  a  similar  manner  to  that  of  (A. 7)  with  additional  con¬ 
siderations  for  the  presence  of  the  body.  The  cross  flow  induced  by  the  presence  of 
the  body  when  the  wing  and  body  are  at  the  same  incidence  is: 

u(v)  +  a(v)  f(y)  =  ae(y)  +  a^(y)  (A. 11) 

tor  v  '  d/2,  where  a(y)  includes  the  effects  of  geometric  and  camber  induced 
incidence.  For  a  circular  arc  imposed  camber, 

a  =  2  x  camber 
c 

In  obtaining  the  coefficients  A  the  downwash  distribution  and  a.  can  be 

n  i 

determined  through  Equation  (4). 

in  keeping  with  the  initially  stated  concept  of  the  mathematical  model,  the 
local  total  lift  coefficient  is  then  provided  by: 


(a  -kx  +a  -a . ) 
g  c  CC  1 


wiie re  the  empirically  derived  values  of  Spence: 
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(A. 12) 


(A. 13) 


=  2 (ttC.  )1/2  (1+0.151  C  1/2+0.139  C  )1/2 

ij  y  y 

CC 


(A. 14) 


are  applied  locally.  Inboard  of  the  wing  body  juncture  the  lift  coefficient  is 
provided,  in  accordance  with  Thwaites,  as: 
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in  the  range 


^cc  <  y  <  ^cc 
2  cc  2 


2 

empirically  derived  form  of  Maskell  and  Spence  provides  a 


a 
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3a 


=  2tt  1  + 


a=0 


(1  +  0.151  C 


1/2 


+  0.219  C  ) 
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(A. 8 


'he  solution  proceeds  by  developing,  from  Equation  (A. 7),  a  series  of  N  simultaneous 
equations  where  the  first  N  odd  terms  are  applied  at  N  stations  along  the  blown 
sen.ispan.  The  coefficients  A^  thus  acquired  provide  for: 
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icc 


w . 
l 


(9  > 

cc 
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=  y  n  A 
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sin  n  0 

cc 


sin  9 

cc 


(A. 9 


where  A  =  A  ,  A,,  AC...A„M- 

II  1  J  J  ZN 


qu.it  ion  (A.  9;,  along  with  (A.  5),  provides  for  Equation  (A.l) 


a 


cc 


=  a 


cc 


-  a . 


icc 


and,  iunce,  for  the  downwash  corrected,  circulation  induced  incidence.  It  should  be 
noted  that  Equation  (A. 9),  once  obtained,  will  provide  _he  upwash  in  the  region  be¬ 
tween  the  blown  portion  of  the  wing  and  the  fuselage. 
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to  accordance  with  the  potential  flow  model,  as  depicted  in  Figure  1,  the 
r  rtaming  factors  of  the  wing  body  model  are  provided  for  in  Equation  (5)  reduced  to 


sin  n9  mu  [l+f(y)J  +  sin  9} 


M (a  +a  )  sin  0 

a  r* 


(A.  10 


Equation  (A. 4)  becomes: 


(A. 6) 


Equations  (A. 5)  and  (A. 6)  then  provide  the  spanwise  distribution  of  the  two- 
dimensional  circulation  induced  incidence. 

BI.OWINC  INDl'CED  DOWNWASH 

ionsidering  the  blowing  segment  of  the  wing  as  a  separate  full  span  wing,  a 
lifting  line  solution  to  that  segment  will  provide  the  downwash  correction  to  the 
blowing  circulation  induced  incidence  of  Equation  (A. 5).  The  form  of  the  fundamental 
equation  applying  to  the  blown  portion  of  the  wing  is: 


OO 


n=l 
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where 
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r  V  =  (c-r  )  V 
TE  J  v  TE  LE 


(A. 3) 
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For  the  usual  case  of  a  uniform  slot  height  to  chord  ratio,  the  blowing 
coefficient  can  be  expressed  as: 


C  =  2  - 

U  \c 


c)(r) 


(For  the  case  of  less  than  full  span  blowing,  the  local  blowing  coefficient  is  the 
above  multiplied  by  the  ratio  of  the  total  wing  area  to  the  blown  wing  area.)  Thus 
we  obtain: 


(A.  4) 


ic  circulation  induced  incidence  can  then  be  expressed  as: 


u'  =  tan 

cc 
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(A. 5) 


A  correction  to  the  trailing  edge  radius  is  determined  by  considering  the  growth  of 
[lie  trailing  edge  jet  flow  with  inci/eased  blowing.  The  "discrete  vortex"  model  of 
tiie  Luanda  jet  flow  proposed  by  Smith^  and  championed  by  Wood  provides  tor  the  jet 
shear  layer  growth  rate  as: 
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APPENDIX 


SPANWISE  LIFT  DISTRIBUTION  FOR  BLOWING  SEGMENT 
OF  CIRCULATION  CONTROL  WING 

Tito  configuration  being  considered  here  is  that  of  a  high  aspect  ratio  wing 
body  with  full  to  partial  span  trailing  edge  blowing.  It  will  be  assumed  that  the 
aspect  ratio  is  sufficiently  large  that  the  semispan,  or  blown  portion  of  the  semi¬ 
span,  can  itself  be  considered  as  a  high  aspect  ratio  wing.  The  lifting  line 
approach  can  then  be  justifiably  applied  to  the  isolated  blowing  segment  alone. 
iTiC  vortex  pattern  for  this  potential  flow  model  is  shown  in  Figure  1.  In  this 
manner  the  distribution  of  a  ,  as  required  for  Equation  (5),  will  have  been  modified 
to  account  for  the  downwash  effects  resulting  from  the  vortex  pattern  established  by 
the  blowing  segment  alone.  This  can  be  expressed  as: 

a  =  a '  -  a .  (A.l) 

cc  CC  ICC 

where  a'  represents  the  local  two-dimensional  blowing  induced  incidence  and  a. 

cc  ice 

represents  the  downwash  produced  by  the  blowing  segment’s  trailing  vortices. 

TWO-DIMENSIONAL  CIRCULATION  CONTROL  INCIDENCE 

I’he  reasoning  behind  the  small  angle  assumption  of  the  lifting  line  theory  will 
he  extended  to  that  of  the  circulation  control  airfoil.  Based  on  the  known  aft 
loading  of  a  circulation  control  airfoil,  and  the  geometry  of  the  airfoil  itself. 
Figure  2,  the  blowing  induced  incidence,  for  moderate  levels  of  blowing,  will  be 
generated  by  a  point  vortex  located  on  the  chordline,  at  a  distance  of  the  trailing 
edge  radius,  from  the  trailing  edge.  The  strength  of  the  vortex  is  provided  by  the 
jet  velocity  and  the  trailing  edge  radius. 

Hence 
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(A. 2) 


i'n  this  basis  (and  the  geometry  of  Figure  2),  it  can  be  expressed  as: 
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I'ABLK  1  -  MODEL  GEOMETRIC  CHARACTER  1  ST  I CS 


W  Lng 


) 


Area 

2.2128  it" 

Span  (exluding  unblown  tips) 

75.0  in . 

Cliord  at  rotation  center; 

3.665  in. 

at  wing  tip 

2.8325  in. 

Mean  geometric  chord 

4.44  in . 

Taper  ratio 

0.  50 

Aspect  ratio 

17.65 

lllowing  slot  height 

0.002c 

Slot  location 

0.968c 

Root  section 

CC20/05/  053/ 97- F. 

lip  section 

CC15/ 00/022/97-E 

left  wing  slot  exit  area 

0.00206  ft2 

Right  wing  slot  exit  area 


1.00198  it" 
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